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Clinical Assessments
All participants were selected from the Alzheimer Disease
Neuroimaging Initiative (ADNI) data base. The ADNI was
launched in 2003 by the National Institute on Aging, the Na-
tional Institute of Biomedical Imaging and Bioengineering,
the FDA, private pharmaceutical companies, and nonprofit
organizations as a $60 million 5-year public-private partner-
ship. The primary goal of ADNI has been to test whether serial
MR imaging, PET, other biologic markers, and clinical and
neuropsychological assessment can be combined to measure
the progression of mild cognitive impairment and early AD.
Determination of sensitive and specific markers of very early
AD progression is intended to aid researchers and clinicians in
developing new treatments and in monitoring their effective-
ness, as well as to lessen the time and cost of clinical trials. For
more information, please see http://www.adni-info.org.

Each participant was formally evaluated by using eligibility
criteria that are described in detail elsewhere (http://www.
adni-info.org/index.php?option�com_content&task�view
&id�9&Itemid�43). The institutional review boards of all
participating centers approved the procedures for this study.
Written informed consent was obtained from all participants or
surrogates. Experienced clinicians conducted independent semi-
structured interviews with the participant and a knowledgeable
collateral source that included a health history, neurologic exam-
ination, and a comprehensive neuropsychological battery.

We selected participants from the ADNI data base if they were
clinically diagnosed at baseline as cognitively healthy (n � 107).

MR Image Processing
All ADNI MR images were acquired at multiple sites by using
either a GE Healthcare (Milwaukee, Wisconsin), Siemens (Er-
langen, Germany), or Philips (Best, the Netherlands) 1.5T sys-
tem. Parameter values varied depending on scanning site and
can be found at http://www.loni.ucla.edu/ADNI/Research/
Cores/. Multiple high-resolution T1-weighted volumetric MR
images were collected for each subject and the raw DICOM
images were downloaded from the public ADNI site (http://
www.loni.ucla.edu/ADNI/Data/index.shtml). All MR images
were analyzed by using a modified version of the FreeSurfer
software package (http://surfer.nmr.mgh.harvard.edu). These
analysis procedures have been applied, validated, and de-
scribed in detail in a number of publications.1 In brief, the MR
imaging scans were reviewed for quality, automatically cor-
rected for spatial distortion due to gradient nonlinearity,2 and
registered and averaged to improve the signal-to-noise ratio.
The cortical surface was automatically reconstructed,3,4 and
gray matter thickness measurements were obtained at each
point across the cortical mantle.5

In this study, we primarily focused on entorhinal cortex
because AD-specific pathology is evident in this region in the
earliest stages of the disease process.6-8 To additionally inves-
tigate neuroanatomic regions that are involved in the later
stages of the disease process,6,9 we averaged longitudinal vol-
ume change in the temporal pole, parahippocampal gyrus,
inferior temporal gyrus, banks of the superior temporal sul-
cus, inferior parietal lobule, amygdala, and hippocampus to
create an AD-vulnerable region of interest. All neocortical regions

were delineated by using an automated surface-based parcella-
tion atlas.10 The hippocampus and amygdala were identified by
using an automated subcortical segmentation atlas.11 For the
analysis of the longitudinal volume change, gray matter thickness
change was examined by using Quar, a recently developed
method from our laboratory.12,13 Briefly, each participant’s fol-
low-up image was affine-aligned to the baseline scan and locally
intensity-normalized. With nonlinear registration, a deforma-
tion field was then calculated to locally register the images with
high fidelity for both large- and small-scale structures, including
those with low boundary contrast. From the deformation field, a
volume-change field (atrophy) can directly be calculated. This
nonlinear registration process as well as the volume change field
calculated from the baseline and follow-up scans are visually pre-
sented in Fig 3 from Holland and Dale.13 With the baseline sub-
cortical and cortical labels, the volume-change field can be sam-
pled at points across the cortical surface or averaged over
subcortical regions to give the percentage volume change for
those regions of interest.

Cerebrospinal Fluid Measures
Methods for CSF acquisition and biomarker measurement by
using the ADNI cohort have been reported previously.14 In
brief, CSF was collected and stored at �80°C at the University
of Pennsylvania ADNI Biomarker Core Laboratory (Philadel-
phia, Pennsylvania). Amyloid-� from peptides 1– 42 and �
phosphorylated at threonine 181 was measured by using the
multiplex xMAP platform (Luminex Corp, Austin, Texas)
with Innogenetics (INN-OBIA AlzBio3; Ghent, Belgium) im-
munoassay kit– based reagents.
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